INTRODUCTION {#S1}
============

Synaptic adhesion molecules, and in particular the classic cadherins, have been well studied with respect to their regulation of synapse function. Indeed, cadherins have been shown to be essential for activity-dependent structural remodeling, including enlargement of spines^[@R1],\ [@R2]^ and increases in synapse number^[@R3]^. Activation of NMDA receptors enhances the clustering and stabilization of cadherins at synapses^[@R4]^, and it is believed that this is essential for the establishment and maintenance of long-term potentiation (LTP)^[@R1],\ [@R5]^ as well as the formation of long-term contextual memory^[@R6]^.

The stability and clustering of cadherin at the cell membrane is primarily dictated by its interaction with intracellular catenins. Whereas cadherin/β-catenin interactions mediate intercellular cadherin interactions, cadherin *cis*-clustering is regulated by δ-catenin, p120-catenin (p120ctn), p0071, and ARVCF, that bind to the cadherin juxtamembrane domain^[@R7]^. δ-catenin is highly expressed in the brain, and is specifically enriched in dendritic spines, where it can link cadherin to the actin cytoskeleton^[@R8]^, as well as to several postsynaptic scaffold molecules, including PSD-95^[@R9]^ and GRIP^[@R10]^. The importance of δ-catenin in cognitive function and neural connectivity is supported by deficits in learning and memory, as well as synapse plasticity and morphology in δ-catenin-mutant mice^[@R11]--[@R13]^. Importantly, mutations of δ-catenin have been associated with severe impairments of cognitive function^[@R14]^, and may underlie the mental disabilities associated with *Cri-du-Chat* syndrome and schizophrenia^[@R15],\ [@R16]^.

δ-catenin has been identified as a substrate for protein palmitoylation^[@R17]^, a reversible post-translational modification involving the addition of palmitate to cysteine residues, mediated by a family of palmitoyl-acyl transferase (PAT) enzymes containing a conserved Asp-His-His-Cys (DHHC) motif^[@R18]^. Recent work has demonstrated that palmitoylation of synaptic proteins can be enhanced following neuronal activity^[@R19],\ [@R20]^, and can increase the trafficking of these proteins to the synapse^[@R19],\ [@R20]^.

Previous work *in vitro* clearly point to a role for cadherins in activity-mediated synapse plasticity. However, the molecular mechanisms that translate enhanced neuronal activity to changes in cadherin-based adhesion and synaptic remodeling remain poorly understood. Here we demonstrate that the dynamic palmitoylation of δ-catenin by DHHC5 can coordinate activity-dependent changes in synapse adhesion, structure, and the efficacy of synaptic transmission. Together, this suggests a key role for δ-catenin in what are widely regarded as fundamental molecular processes underlying learning and memory.

RESULTS {#S2}
=======

Activity-dependent palmitoylation of δ-catenin in neurons {#S3}
---------------------------------------------------------

We determined whether palmitoylation of δ-catenin is regulated by activity using the acyl-biotin exchange (ABE) assay, which exchanges palmitoyl modifications with biotin^[@R18],\ [@R20],\ [@R21]^. Hydroxylamine (NH~2~OH) is essential for the biotinylation of cysteine residues as it cleaves palmitate from cysteine residues. Exclusion of hydroxylamine is therefore used as a control for the specificity of biotin labeling^[@R22]^.

15--16 days *in vitro* (DIV) hippocampal neurons were treated with a glycine/bicuculline solution for 3 minutes. This method has previously been used to induce LTP in hippocampal slices^[@R23]^, and enhance structural remodeling of excitatory synapses in cultured neurons by activating synaptic NMDA receptors^[@R24],\ [@R25]^, and will hereafter be referred to as chemical LTP (cLTP). δ-catenin palmitoylation was significantly enhanced 40 min following cLTP stimulation and was blocked by D-AP5 (50μM), demonstrating the involvement of NMDA receptors ([Fig. 1a, b](#F1){ref-type="fig"}). We next examined the time-course of activity-induced δ-catenin palmitoylation and compared it to another palmitoylated synaptic protein, PSD-95^[@R19]^. δ-catenin palmitoylation significantly increased 20 min following cLTP, peaked at 40 min, and returned to basal levels by 180 min ([Fig. 1c, d](#F1){ref-type="fig"}). In contrast, PSD-95 palmitoylation was maintained up to 180 min ([Fig. S1a, b](#SD2){ref-type="supplementary-material"}), indicating that PSD-95 is more stably palmitoylated, as previously suggested^[@R21]^. Thus, palmitoylation of δ-catenin is transiently increased following synaptic activation, and represents a distinct cellular event relative to another palmitoylated synaptic protein, PSD-95.

Long-term, homeostatic scaling of neuronal networks has been shown to regulate the palmitoylation of several synaptic proteins^[@R26]^. To examine if palmitoylation of δ-catenin is similarly modulated at a network level, hippocampal neurons were treated for 48 hours with tetrodotoxin (TTX; 1μM) to enhance synaptic network strength ([Fig. S1e, f](#SD2){ref-type="supplementary-material"}). δ-catenin palmitoylation increased 48 hours following TTX treatment in agreement with our observation that activity enhances δ-catenin palmitoylation.

Palmitoylation of δ-catenin regulates its binding to N-cadherin {#S4}
---------------------------------------------------------------

As palmitoylation increases protein hydrophobicity and trafficking to the membrane^[@R19],\ [@R21]^, we examined the effects of activity on the subcellular distribution of δ-catenin. Prior to stimulation, GFP-δ-catenin was diffusely distributed along dendrites ([Fig. S2a](#SD2){ref-type="supplementary-material"}). However, 40 minutes after cLTP, GFP-δ-catenin became increasingly clustered, as evidenced by a decrease in the area of δ-catenin puncta ([Fig. 1e](#F1){ref-type="fig"}, and [S2a](#SD2){ref-type="supplementary-material"}) with a concomitant increase in fluorescence intensity ([Fig. S2b](#SD2){ref-type="supplementary-material"}). This was abolished in cells treated with glycine plus D-AP5 ([Fig. S2c, d](#SD2){ref-type="supplementary-material"}). In contrast, no change was observed in the area or intensity of N-cadherin puncta ([Fig. 1e](#F1){ref-type="fig"}, and [S2a--d](#SD2){ref-type="supplementary-material"}). The colocalization of δ-catenin and N-cadherin also significantly increased 20--180 min after cLTP ([Fig. 1f](#F1){ref-type="fig"}, and [S2a](#SD2){ref-type="supplementary-material"}). *Post hoc* immunostaining demonstrated an increased colocalization of N-cadherin/δ-catenin clusters with PSD-95 indicating that activity enhances the recruitment of δ-catenin to synaptic cadherin ([Fig. 1g](#F1){ref-type="fig"}, and [S2e](#SD2){ref-type="supplementary-material"}).

We next determined whether the time course for δ-catenin/N-cadherin interactions was similar to that of δ-catenin palmitoylation and δ-catenin/N-cadherin colocalization. The association of δ-catenin with N-cadherin was increased 20 min after stimulation and maintained up to 180 min ([Fig. S2g--j](#SD2){ref-type="supplementary-material"}), in sharp contrast to the time course of δ-catenin palmitoylation, which decreased to basal levels 180 min after stimulation.

These results suggested that a transient increase in δ-catenin palmitoylation is required for activity-dependent recruitment of δ-catenin to cadherin clusters, but is not essential to maintain this interaction. To test this, we examined the association of δ-catenin and N-cadherin in the presence of the global palmitoylation blocker, 2-bromopalmitate (2BP; 50μM). When cells were treated with 2BP 0--40 min following cLTP, the activity-induced increase in δ-catenin/N-cadherin interactions was abolished ([Fig. 1h, i](#F1){ref-type="fig"}). However, when cells were treated with 2BP from 40--180 min after cLTP treatment (a time frame during which δ-catenin is highly palmitoylated), the activity-induced increase in δ-catenin/N-cadherin interactions was maintained ([Fig. 1h, i](#F1){ref-type="fig"}). This demonstrates that δ-catenin palmitoylation is not required for maintaining its interaction with N-cadherin.

To determine whether activity enhances the recruitment of δ-catenin specifically to surface cadherin, we isolated surface proteins through biotinylation and immunoprecipitation with Sulfo-NHS-SS-biotin at various time points and observed an activity-dependent increase in δ-catenin co-immunoprecipitated with the surface fraction ([Fig. S2h, l](#SD2){ref-type="supplementary-material"}). In contrast, there was no significant increase in the recruitment of p120ctn to the surface fraction ([Fig. S2h, l](#SD2){ref-type="supplementary-material"}). Together, these data demonstrate that activity-induced palmitoylation of δ-catenin increases its recruitment to surface N-cadherin at postsynaptic membranes, but that this association can be maintained in the absence of δ-catenin palmitoylation.

Identification of palmitoylated δ-catenin residues {#S5}
--------------------------------------------------

To determine the role of palmitoylated δ-catenin at the synapse, we sought to generate palmitoylation-defective mutants of δ-catenin, which required identifying the palmitoylated cysteine residue(s). δ-catenin mutants in which cysteines were mutated to serines were generated and assayed for palmitoylation in HEK293T cells ([Fig. 2a](#F2){ref-type="fig"}). δ-catenin palmitoylation was abolished when all 18 cysteines were mutated to serines (18CS) and when the 7 C-terminal cysteines were mutated to serines (CTD7CS), but not when the 11 N-terminal cysteines were mutated to serines (NTD11CS), suggesting that one or more of the 7 C-terminal cysteine residues are the sites for palmitoylation ([Fig. 2a--c](#F2){ref-type="fig"}).

We next mutated each of the 7 C-terminal cysteine residues to serines (GFP-δ-catenin C791S, C804S, C827S, and C853S, C906S, C960-1S), and assayed their palmitoylation compared to WT and CTD7CS δ-catenin. Point mutants C791S, C804S, C827S, C853S, and C906S were palmitoylated as robustly as WT, whereas palmitoylation of C960-1S was significantly reduced compared to WT ([Fig. 2b, c](#F2){ref-type="fig"}). This strongly suggested that cysteines 960 and 961, which are also highly predicted to be palmitoylated (CSS-Palm 3.0,^[@R27]^), are the sites of palmitoylation. To verify this we generated a δ-catenin mutant in which all cysteines, with the exception of cysteines 960 and 961, were mutated to serines (NTD16CS). Palmitoylation of NTD16CS was similar to that of WT, demonstrating that cysteines 960 and 961 are necessary and sufficient for the palmitoylation of δ-catenin ([Fig. 2b, c](#F2){ref-type="fig"}).

Identification of δ-catenin residues required for cadherin-binding {#S6}
------------------------------------------------------------------

To determine whether palmitoylation of δ-catenin has a role beyond its regulation of δ-catenin/cadherin interactions, we sought to generate a δ-catenin mutant that could not bind to cadherin. Lysine residue 401 on p120ctn is required for p120ctn's association with cadherin^[@R28]^ and the corresponding lysine on δ-catenin (lysine 581) was mutated to methionine (GFP-δ-catenin K581M). Immunoprecipitation assays in 293T cells demonstrated minimal association between δ-catenin K581M and N-cadherin compared to WT δ-catenin ([Fig. 2d, e](#F2){ref-type="fig"}). Although the palmitoylation-deficient C960-1S mutant exhibited a significant reduction in its ability to bind cadherin compared to WT δ-catenin, it still exhibited significantly more binding compared to the K581M mutant ([Fig. 2d, e](#F2){ref-type="fig"}). The addition of palmitate to δ-catenin therefore functions to target δ-catenin to the membrane where it associates with N-cadherin, but is not absolutely required for binding. Finally, we also generated short hairpin RNAs against δ-catenin (shRNA) and a control mismatch (shRNA-c) using previously described target sequences^[@R29]^ and validated them in 293T cells ([Fig. 2f, g](#F2){ref-type="fig"}).

Palmitoylated δ-catenin stabilizes N-cadherin at synapses {#S7}
---------------------------------------------------------

We next determined the role of δ-catenin palmitoylation in regulating cadherin stability within postsynaptic spine heads using fluorescence recovery after photobleaching (FRAP). Hippocampal neurons were transfected at 10 DIV with N-cadherin-RFP, δ-catenin shRNA, and shRNA-resistant (\*) δ-catenin WT, K581M, or C960-1S constructs. FRAP assays were done 5--6 days after transfection, as previously reported to ensure knockdown of endogenous δ-catenin^[@R29]^. Cells were imaged 40--60 minutes after cLTP, or control buffer lacking glycine. We observed no differences in the initial fluorescence intensity of N-cadherin clusters in all groups analyzed ([Fig. S3a](#SD2){ref-type="supplementary-material"}).

N-cadherin-RFP clusters within dendritic spines were identified and a region of interest (ROI) of 1μm diameter was photobleached using a 405nm laser. The fluorescence recovery of N-cadherin-RFP within the photobleached ROI was determined over 5 min of time-lapse imaging, and normalized to a control ROI in an adjacent spine ([Fig. 3a, b](#F3){ref-type="fig"}). In control neurons expressing GFP and shRNA-c, the fluorescence recovery of N-cadherin-RFP plateaued at 50.6 ± 8.0% (mean ± SEM) 5 mins after photobleaching ([Fig. 4a, c, i](#F4){ref-type="fig"}), consistent with previous reports^[@R31],\ [@R32]^. Activity has been shown to stabilize N-cadherin at the synapse^[@R4]^ and accordingly, glycine treatment dramatically reduced the fluorescence recovery of N-cadherin-RFP to 14.9 ± 7.4%. Treatment with glycine plus D-AP5 (50μM) abolished activity-induced stabilization of cadherin, resulting in fluorescence recovery similar to that of untreated cells (53.6 ± 4.8%; [Fig. 3a, c, i](#F3){ref-type="fig"}).

Overexpression of WT δ-catenin increased the stability of N-cadherin under basal conditions and occluded further activity-dependent stabilization of N-cadherin ([Fig. 3d, i](#F3){ref-type="fig"}). In contrast, overexpression of K581M and C960-1S did not impact the stability of N-cadherin under basal conditions suggesting that δ-catenin's palmitoylation and binding to cadherin are required for N-cadherin stabilization ([Fig. S3b, c](#SD2){ref-type="supplementary-material"}). Acute knockdown of δ-catenin using shRNA substantially decreased cadherin stability under basal conditions and abolished activity-dependent stabilization of N-cadherin ([Fig. 3e, i](#F3){ref-type="fig"}). Introducing shRNA-resistant δ-catenin (WT\*) to shRNA-expressing cells rescued the shRNA phenotype, demonstrating that this was not due to off-target effects ([Fig. 3f, i](#F3){ref-type="fig"}). Our data showing a requirement for δ-catenin for the stabilization of N-cadherin at synapses is in accord with previous work showing that ablation of δ-catenin reduces N-cadherin at the synapse^[@R11],\ [@R13],\ [@R30]^.

To examine whether δ-catenin binding to cadherin is essential for activity-induced cadherin stabilization, we knocked down δ-catenin and expressed the cadherin-binding mutant, K581M\*. Similarly, to examine whether palmitoylation of δ-catenin is important for activity-induced cadherin stabilization, we knocked down δ-catenin and expressed the palmitoylation mutant, C960-1S\* GFP-δ-catenin. Abolishing δ-catenin's association with cadherin ([Fig. 3g, i](#F3){ref-type="fig"}) or δ-catenin palmitoylation ([Fig. 3h, i](#F3){ref-type="fig"}) significantly reduced the stability of N-cadherin under basal conditions and abolished activity-dependent stabilization of N-cadherin ([Fig. 3g, h, i](#F3){ref-type="fig"}). Together, this demonstrates that the palmitoylation of δ-catenin, and its binding to cadherin are required for the stabilization of N-cadherin at synapses both under basal conditions and following enhanced neuronal activity.

Palmitoylated δ-catenin regulates activity-dependent spine remodeling {#S8}
---------------------------------------------------------------------

As palmitoylated δ-catenin stabilizes N-cadherin within spines, we next investigated if it is important for activity-dependent spine remodeling. 10 DIV neurons were transfected with GFP, shRNAs, and the indicated δ-catenin constructs. 5--6 days later, all spiny protrusions were imaged before and 40--60 minutes after cLTP. Neurons expressing GFP and shRNA-c exhibited spine head width, length, and density consistent with previous descriptions of spine morphology^[@R28],\ [@R32]^ ([Fig. 4a, g--i](#F4){ref-type="fig"}). cLTP treatment dramatically enhanced the width and density of protrusions and overexpression of δ-catenin increased the overall length and total density of protrusions ([Fig. 4a, g, i](#F4){ref-type="fig"}), consistent with previous reports^[@R25],\ [@R33],[@R13],\ [@R34]^. We also observed an increase in protrusion head width and the density of mature spines, with a reduction in filopodia density compared to control cells ([Fig. 4b, g--i](#F4){ref-type="fig"}). None of these parameters were changed following cLTP.

Knockdown of δ-catenin resulted in protrusions with a filopodial appearance, including a decrease in protrusion width, an increase in protrusion length and an overall increase in the proportion of filopodia compared to spines, consistent with previous reports^[@R8],\ [@R13]^. Notably, cLTP did not alter any of these parameters ([Fig. 4c, g--i](#F4){ref-type="fig"}). WT\* δ-catenin rescued the phenotype observed in shRNA expressing cells, demonstrating that these morphological changes were not the result of off-target effects ([Fig. 4d, g, h](#F4){ref-type="fig"}). Rescue with WT\* δ-catenin also increased basal spine density consistent with that observed following δ-catenin overexpression. Expression of K581M\* ([Fig. 4e](#F4){ref-type="fig"}) or C960-1S\* ([Fig. 4f](#F4){ref-type="fig"}) in a δ-catenin knockdown background resulted in a phenotype similar to that of δ-catenin knockdown ([Fig. 4c](#F4){ref-type="fig"}), with the exception of spine/protrusion density, which was similar to control ([Fig. 4i](#F4){ref-type="fig"}). δ-catenin knockdown has been shown to increase the density of spiny protrusions via the PDZ binding motif of δ-catenin, and not through cadherin binding^[@R13]^, corroborating well with our data. Notably, cLTP failed to alter protrusion morphology or density ([Fig. 4e, f, g--i](#F4){ref-type="fig"}). Together, this demonstrates that palmitoylation of δ-catenin and its binding to cadherin are required for activity-dependent changes in spine morphology, but not density.

Palmitoylated δ-catenin is required for activity-induced synapse function {#S9}
-------------------------------------------------------------------------

δ-catenin can associate with several postsynaptic scaffold molecules and AMPA receptor (AMPAR) binding proteins in a PDZ-dependent manner^[@R9],\ [@R10],\ [@R35]^. We therefore hypothesized that activity-induced palmitoylation of δ-catenin and the subsequent surface stabilization of cadherin in spine heads may be important for the insertion and stabilization of AMPARs at pre-existing synapses. To visualize surface AMPARs, GluA1 or GluA2 subunits were tagged with super-ecliptic pHluorin (SEP-GluA1, or SEP-GluA2, respectively). Neurons were transfected at 10 DIV with SEP-GluA1 or SEP-GluA2, shRNAs, and either RFP or the indicated RFP-δ-catenin constructs, and imaged before and after cLTP at 15--16 DIV. Clusters of SEP-GluA1 ([Fig. S4a](#SD2){ref-type="supplementary-material"}) and GluA2 (not shown) localized to spine heads under basal conditions in neurons expressing shRNA-c plus RFP. Under basal conditions the integrated density (IntDen; product of mean grey value and area) of GluA1surface clusters were similar for all conditions examined (p=0.082, F~5,71~=2.492; one-way ANOVA) ([Fig. S4a](#SD2){ref-type="supplementary-material"}). The IntDen of GluA2 surface clusters was increased in δ-catenin overexpressing cells compared to control (1.48 ± 0.13 fold; p\<0.05), in agreement with our observation of enlarged spine heads among these cells ([Fig. 4b, g, h](#F4){ref-type="fig"}), but was similar among all other groups (p=0.039, F~5,69~=2.053; one-way ANOVA).

40--60 min after cLTP there was a significant increase in the IntDen of GluA1 ([Fig. 5a](#F5){ref-type="fig"}, and [S4a](#SD2){ref-type="supplementary-material"}) and GluA2 clusters in shRNA-c cells ([Fig. S4b](#SD2){ref-type="supplementary-material"}), compared to the same clusters before activity, consistent with previous reports^[@R36],\ [@R37]^. This was abolished in the presence of D-AP5 (50μM; [Fig. 5a](#F5){ref-type="fig"}, and [S4b](#SD2){ref-type="supplementary-material"}). Interestingly, both overexpression and knockdown of δ-catenin abolished activity-induced insertion of GluA1 and GluA2 into the synaptic membrane ([Fig. 5a](#F5){ref-type="fig"}, and [S4a, b](#SD2){ref-type="supplementary-material"}). WT\* δ-catenin, but not the K581M\* and C960-1S\* δ-catenin mutants, rescued the shRNA phenotype ([Fig. 6b, c](#F6){ref-type="fig"}), indicating that δ-catenin palmitoylation and binding to cadherin are essential for activity-induced insertion of AMPARs into the synaptic membrane.

δ-catenin overexpression (shRNAc + WT) enhanced the colocalization of δ-catenin and SEP-tagged GluA1 and GluA2 subunits under basal conditions compared to cells expressing shRNA + WT\* (wildtype rescue, control) ([Fig. 5b](#F5){ref-type="fig"}, and [S4c](#SD2){ref-type="supplementary-material"}). This suggests that overexpressing δ-catenin increases its localization at synapses and accounts for the observed increase in surface GluA2 levels under basal conditions. In contrast, the localization of the cadherin-binding mutant (shRNA + K581M\*) at synapses was significantly decreased but not abolished ([Fig. 5b](#F5){ref-type="fig"}, and [S4c](#SD2){ref-type="supplementary-material"}), indicating that other motifs including its PDZ-binding domain may also be involved. The δ-catenin palmitoylation mutant (shRNA + C960-1S\*) exhibited similar synaptic localization as controls (shRNA + δ-catenin WT\*). Since this mutation does not abolish binding to cadherin entirely, the C960-1S mutant may localize to synapses through cadherin interactions as well as through other binding motifs including its PDZ-binding domain.

Following cLTP, we observed an increase in the recruitment of δ-catenin to synapses in control (shRNA + WT\*) and δ-catenin overexpressing (shRNA-c + WT) cells ([Fig. 5b](#F5){ref-type="fig"}, and [S4c](#SD2){ref-type="supplementary-material"}). In contrast, cLTP did not increase the recruitment of cadherin-binding deficient or palmitoylation-deficient δ-catenin to synapses.

To confirm that δ-catenin does not overall impact overall exocytosis, we examined turnover of the transferrin receptor tagged with SEP and mCherry (TfR-mCherry-SEP)^[@R37]^. Activity enhanced TfR-mCherry-SEP florescence in control cells, as well as cells overexpressing δ-catenin, and knockdown cells ([Fig. S4d](#SD2){ref-type="supplementary-material"}), demonstrating that δ-catenin plays a specific role in regulating the surface insertion and stabilization of AMPAR cargo, and not overall cellular exocytosis or trafficking.

We next determined whether δ-catenin palmitoylation is required for glycine-mediated enhancement of miniature excitatory post-synaptic currents (mEPSCs)^[@R24],\ [@R25]^. Neurons were transfected at 10 DIV with the indicated shRNAs and GFP or GFP-tagged δ-catenin constructs. 5 days later, we obtained whole-cell voltage clamp recordings 40 min after cLTP. Under basal conditions, we observed increased mEPSC amplitude and frequency in δ-catenin overexpressing cells relative to control ([Fig. 5c--e](#F5){ref-type="fig"}), consistent with our observation of increased spine density ([Fig. 4i](#F4){ref-type="fig"}) and surface GluA2-AMPARs in these cells^[@R35]^. There were no significant differences in basal mEPSC amplitude and frequency between any of the other groups relative to control cells ([Fig. 5c--e](#F5){ref-type="fig"}). cLTP significantly increased the amplitude and frequency of mEPSCs in cells expressing shRNA-c ([Fig. 5c, f, g](#F5){ref-type="fig"}). Overexpression and knockdown of δ-catenin abolished this effect, which was restored in knockdown neurons expressing δ-catenin WT\* ([Fig. 5c, f, g](#F5){ref-type="fig"}). Notably, expression of palmitoylation-deficient δ-catenin C960-1S\* did not rescue the glycine-induced increase in mEPSC amplitude and frequency ([Fig. 5c, f, g](#F5){ref-type="fig"}). These findings demonstrate that palmitoylated δ-catenin is required for activity-induced enhancement of mEPSC amplitude and frequency.

δ-catenin palmitoylation increases following acquisition of contextual fear memory {#S10}
----------------------------------------------------------------------------------

We next investigated whether palmitoylated δ-catenin is involved in learning and memory using a hippocampal-dependent, contextual fear-conditioning paradigm^[@R6]^ ([Fig. 6a](#F6){ref-type="fig"}). Conditioned mice exhibited enhanced freezing 1 h and 24 h after reintroduction to the context where they received a single foot shock (0.3mA, 5sec), demonstrating acquisition of contextual memory ([Fig. 6a](#F6){ref-type="fig"}). Immediately following testing, mice were sacrificed and hippocampal and cortical tissue isolated for biochemical analyses. Palmitoylation of δ-catenin in the hippocampus was significantly increased 1 h after training, but returned to baseline 24 h after training ([Fig. 6b, c](#F6){ref-type="fig"}), demonstrating transient palmitoylation similar that observed in hippocampal cultures following cLTP ([Fig. 1c, d](#F1){ref-type="fig"}). In contrast, δ-catenin palmitoylation was unchanged in the cortex following fear conditioning ([Fig. 6d, e](#F6){ref-type="fig"}), demonstrating specificity for δ-catenin palmitoylation in the hippocampus following the formation of contextual memories.

We next examined the effects of fear conditioning on δ-catenin/N-cadherin interactions at the synapse. There was a significant increase in δ-catenin/cadherin interactions in P2 synaptosomal fractions both 1 and 24 h after conditioning ([Fig. 6f, g](#F6){ref-type="fig"}). This relatively stable increase in the association between δ-catenin and cadherin following fear conditioning was similar to that observed in cultured neurons following increased activity ([Fig. S2i, j](#SD2){ref-type="supplementary-material"}). Our findings are consistent with the interpretation that a transient increase in palmitoylation of δ-catenin targets it for a more stable association with N-cadherin at hippocampal synapses *in vivo*, and is correlated with the acquisition of contextual fear memories.

DHHC5 is required for activity-dependent palmitoylation of δ-catenin {#S11}
--------------------------------------------------------------------

We next sought to identify the DHHC protein that palmitoylates δ-catenin in an activity-dependent manner. Although 23 mammalian DHHC proteins have been identified^[@R18]^, only 17 of these have been shown to have PAT activity^[@R38]^. We co-expressed each of these 17 DHHC proteins with δ-catenin in HEK293T cells and tested for δ-catenin palmitoylation ([Fig. 7a, b](#F7){ref-type="fig"}). DHHC5 and DHHC20 significantly increased δ-catenin palmitoylation relative to a vector control, indicating that these proteins are sufficient for δ-catenin palmitoylation ([Fig. 7a, b](#F7){ref-type="fig"}).

We performed a second overexpression screen in neurons using DHHC proteins that are expressed in the brain, and which have known synaptic protein substrates (^[@R18]^, Allen Mouse Brain Atlas; <http://mouse.brain-map.org/>). Overexpression of DHHC5 and 20 enhanced δ-catenin/N-cadherin colocalization in the absence of cLTP ([Fig. 7c](#F7){ref-type="fig"}, and [S5a](#SD2){ref-type="supplementary-material"}), and this enhanced clustering was abolished in cells expressing the δ-catenin C960-1S mutant ([Fig. 7d](#F7){ref-type="fig"}, and [S5b](#SD2){ref-type="supplementary-material"}). Together, this indicates that DHHC5 and 20 are sufficient to enhance the recruitment of δ-catenin to cadherin clusters by palmitoylating δ-catenin in neurons.

We next determined whether DHHC5 and DHHC20 are necessary for activity-dependent palmitoylation of δ-catenin. The efficacy of DHHC5 shRNA (shRNA-D5;^[@R21]^) and DHHC20 siRNA (siRNA-D20) were first validated in neurons ([Fig. 7e, f](#F7){ref-type="fig"}). Activity-induced recruitment of δ-catenin to N-cadherin clusters was abolished in neurons expressing shRNA-D5 but not siRNA-D20 ([Fig. 7g](#F7){ref-type="fig"}). These results indicate that although both DHHC5 and 20 are *sufficient* to palmitoylate δ-catenin, only DHHC5 is *required* for activity-induced palmitoylation of δ-catenin and the activity-dependent targeting of δ-catenin to cadherin.

We assayed δ-catenin palmitoylation in DHHC5 knockdown cells to confirm our observations. We first confirmed that the DHHC5 knockdown observed at 6 DIV ([Fig. 7e](#F7){ref-type="fig"}) persisted for up to 12 DIV ([Fig. 8a](#F8){ref-type="fig"}). The knockdown in individual cells was robust, with a 40% decrease in DHHC5 levels reflecting the transfection efficiency of Amaxa nucleofection (approximately 50%). Basal levels of δ-catenin palmitoylation did not appear to be significantly reduced in cells expressing DHHC5 shRNA ([Fig. 8a, b](#F8){ref-type="fig"}). However, activity-dependent increase in δ-catenin palmitoylation was abolished in these cells and restored in cells co-expressing shRNA-resistant DHHC5 ([Fig. 8a, b](#F8){ref-type="fig"}). Together, this strongly indicates that DHHC5 is required for activity-dependent palmitoylation of δ-catenin.

DHHC5 has previously been shown to accelerate the constitutive delivery of AMPARs to the cell surface through palmitoylation of the δ-catenin binding partner, GRIP1b^[@R10],\ [@R21]^. However, it is unknown whether DHHC5 plays a role in activity-dependent recruitment of AMPARs to the cell surface. As expected, we observed a robust increase in the IntDen of SEP-GluA1 clusters 40 min after cLTP in control neurons (vector+ shRNA-c; [Fig. 8c, d](#F8){ref-type="fig"}). Neurons overexpressing DHHC5 exhibited a significant increase in the basal IntDen of SEP-GluA1, consistent with a role for DHHC5 in constitutive AMPAR surface delivery^[@R21]^, and also exhibited a further activity-dependent increase in AMPAR recruitment to the membrane (DHHC5+shRNA-c; [Fig. 8c, d](#F8){ref-type="fig"}). We observed a similar basal increase in SEP-GluA1 IntDen in neurons expressing DHHC5 plus δ-catenin shRNA, in line with the observation that DHHC5 enhances the recruitment of AMPAR to the cell surface through palmitoylation of another substrate. However, the activity-dependent increase in the IntDen of SEP-GluA1was abolished in these cells. Expression of shRNA-resistant δ-catenin (WT\*) rescued the effect of knocking down δ-catenin in DHHC5 expressing cells, whereas expression of palmitoylation-defective δ-catenin (C960-1S\*) did not ([Fig. 8c, d](#F8){ref-type="fig"}). Together, this clearly demonstrates that DHHC5 mediates activity-induced insertion of AMPARs to the cell surface through palmitoylation of δ-catenin. The increase in the IntDen of SEP-GluA1 under basal conditions was maintained in δ-catenin knockdown cells, WT rescue cells, and C960-1S rescue cells ([Fig. 8c, d](#F8){ref-type="fig"}), indicating that palmitoylation of δ-catenin by DHHC5 is not required for constitutive AMPAR surface delivery.

We also observed significantly more δ-catenin WT/GluA1 colocalization compared to δ-catenin C960-1S/GluA1 colocalization at basal levels in cells expressing DHHC5. Moreover, activity significantly enhanced δ-catenin WT/GluA1 colocalization, but had no effect on δ-catenin C960-1S/GluA1 colocalization ([Fig. 8e](#F8){ref-type="fig"}).

DISCUSSION {#S12}
==========

Our study demonstrates that palmitoylated δ-catenin mediates changes in synapse adhesion, structure, and efficacy that are correlated with neuronal activity and the formation of new memories. We have demonstrated that enhanced synaptic activity results in a transient increase in the palmitoylation of δ-catenin, which targets it for a lasting association with N-cadherin at the postsynaptic membrane. Notably, we observed that the binding of δ-catenin to N-cadherin confers increased stability to cadherin molecules within spine heads and in turn, allows the activity-dependent remodeling of spines and the insertion of synaptic AMPARs. Consistently, the palmitoylation of δ-catenin is essential for activity-dependent increases in mEPSC amplitude and frequency. Moreover, we demonstrate that the acquisition of context-dependent fear memory is correlated with a transient increase in the palmitoylation of δ-catenin and a concomitant increase in synaptic cadherin/δ-catenin interactions specifically within the hippocampus. This temporal agreement between our *in vitro* and *in vivo* results underscore our model that palmitoylation of δ-catenin drives changes in the structure and efficacy of synapses believed to underlie learning and memory. Finally, we demonstrated that DHHC5 and DHHC20 are sufficient to palmitoylate δ-catenin, whereas only DHHC5 is required for activity-induced increase in δ-catenin palmitoylation. Intriguingly, we demonstrate that DHHC5 mediates activity-induced surface insertion of AMPARs through palmitoylation of δ-catenin.

The stability of N-cadherin at the membrane is known to be regulated by the catenins^[@R7]^. Binding of p120ctn to the cadherin juxtamembrane domain stabilizes surface cadherin by masking endocytic motifs^[@R28],\ [@R39]^, and it is possible that δ-catenin stabilizes cadherin by the same mechanism. Indeed, δ-catenin associates with the identical region of the cadherin juxtamembrane domain as p120ctn and both utilize a conserved lysine residue to bind cadherin^[@R28]^. Although it is tempting to speculate that palmitoylation of δ-catenin provides a competitive advantage for binding to cadherin following increased activity, we have observed increased cadherin/δ-catenin interactions with no significant changes in cadherin/p120ctn interactions. Activity-dependent recruitment of β-catenin to synaptic cadherin has also been shown to stabilize cadherin within the membrane^[@R4]^. As β-catenin interacts with the C-terminal domain of cadherin^[@R40]^, a region distinct from the site of δ-catenin interaction, it likely that activity-driven post-translational modifications of both β-catenin and δ-catenin are important for regulating cadherin surface stability.

Cadherin clustering within spine heads has been shown to be essential for activity-induced spine remodeling in cultured neurons^[@R2]^ and *in vivo*^[@R1]^. It is possible that the palmitoylation of δ-catenin and its binding to cadherin promote spine remodeling by increasing the interactions of membrane-bound cadherin with the actin cytoskeleton through its association with α-catenin^[@R41]^. It is also possible that δ-catenin regulates spine morphology more directly, through its interaction with actin-binding proteins, including cortactin^[@R42]^ and several Rho-GTPases^[@R8]^ (but see^[@R34]^). Notably, knockdown of δ-catenin enhances protrusion density through mechanisms involving its PDZ-binding domain and not by its ability to bind cadherin^[@R13]^. Consistent with this report, we show that spine density is not significantly changed in neurons expressing δ-catenin K581M or C960-1S. Together, our results suggest that δ-catenin palmitoylation and cadherin-binding are primarily important for spine remodeling and maturation, whereas a δ-catenin's interactions with actin-binding proteins and an unknown signaling mechanism via its PDZ domain can regulate protrusion density.

The reversible addition of palmitate to synaptic proteins can dramatically impact their trafficking and localization, however the regulation and temporal profile for synaptic protein palmitoylation varies greatly between substrates^[@R19],\ [@R21]^. For example, activity regulates the palmitoylation of PSD-95, resulting in a relatively stable modification of this protein^[@R19],\ [@R21]^ (but see^[@R43]^). In contrast, palmitoylation of the synaptic adaptor protein, GRIP1b, is not activity-dependent and exhibits a strikingly high rate of palmitate turnover^[@R21]^. Thus, the transient activity-dependent increase in δ-catenin palmitoylation is distinctive and does not merely reflect generalized changes in synaptic protein palmitoylation.

It is interesting to speculate that δ-catenin may cooperate with GRIP1b to mediate surface insertion of AMPARs. Palmitoylation of δ-catenin by DHHC5 is specifically required for activity-dependent increases in surface AMPARs, whereas palmitoylation of GRIP1b by DHHC5 mediates constitutive delivery of AMPARs to the cell surface^[@R21]^. We hypothesize that constitutive palmitoylation of GRIP1b regulates the mobilization and delivery of AMPARs to synapses, whereas transient activity-dependent palmitoylation of δ-catenin increases the stable surface population of synaptic AMPARs.

There are two possible mechanisms by which δ-catenin palmitoylation and cadherin binding regulate surface AMPAR localization and synapse strength. First, δ-catenin localization at synapses may stabilize AMPARs at the synaptic surface by directly interacting with the scaffold molecules GRIP/ABP^[@R10],\ [@R44]^ and PSD-95^[@R9]^ through its PDZ binding motif. Second, δ-catenin may regulate the stability of AMPARs at the surface by stabilizing N-cadherin within the membrane and enhancing interactions between cadherin and AMPAR subunits. Indeed, N-cadherin has been shown to bind and stabilize GluA2 directly through its extracellular domain^[@R32]^. Moreover, GluA1-containing AMPARs have also been observed in complex with N-cadherin^[@R45]^. δ-catenin can therefore link N-cadherin with AMPARs both by interacting with adaptor proteins intracellularly, and by positioning more N-cadherin in the membrane and enabling the direct extracellular interaction between AMPARs and cadherin.

Our results suggest that loss of δ-catenin palmitoylation specifically disrupts activity-dependent plasticity, which is further supported by our demonstration of normal mEPSCs and surface AMPAR levels under basal conditions. However, it remains a possibility that perturbations in synapse plasticity are connected to subtle deficits in basal synapse function that result from loss of δ-catenin palmitoylation. More detailed experiments are required to determine whether more subtle changes in basal synapse function are impacting activity-induced plasticity.

Knockout studies have demonstrated a requirement for N-cadherin as well as δ-catenin and β-catenin in the formation of contextual memories^[@R6],\ [@R11],\ [@R46]^. Indeed, acute blockade of N-cadherin-mediated adhesion in the hippocampus *in vivo* inhibits contextual memory formation^[@R6]^ and knockdown of β-catenin disrupts the consolidation of fear memories^[@R46]^. Interestingly, in stark contrast to what we observed for δ-catenin, fear conditioning resulted in a transient decrease in β-catenin/cadherin interactions associated with increased β-catenin phosphorylation^[@R46]^. It is likely that activity-driven post-translational modifications to both β-catenin and δ-catenin are important for regulating cadherin surface stability. However, the distinct time course for the association of cadherin with these catenins following learning suggests different roles for these molecules in memory acquisition and consolidation. Our data demonstrates that by increasing surface AMPARs and enhancing spine maturation and size, activity-driven palmitoylation of δ-catenin is a vital component for LTP and supports its involvement in learning and memory.
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![δ-catenin palmitoylation and its association with synaptic N-cadherin is increased following activity\
(**a--d**) ABE chemistry and western blotting for streptavidin-HRP was used to determine palmitoylation of immunoprecipitated proteins. Omission of NH~2~OH controlled for non-specific incorporation of biotin. (**a**, **b**) δ-catenin palmitoylation increased 40 min after glycine treatment but not glycine+D-AP5 (50μM; n=4, p=0.017, F~2,9~=6.59). (**c**, **d**) δ-catenin palmitoylation peaked at 40 mins and returned to baseline 180 mins after glycine treatment (n=4, p=0.001, F~4,10~=19.01). (**e--g**) 14 DIV hippocampal neurons transfected with GFP-δ-catenin and N-cadherin-RFP were imaged immediately before and 20, 40 and 180 min after glycine treatment, and stained for PSD-95 *post hoc*. (**e**) Glycine treatment decreased the area of GFP-δ-catenin (GFP-δ-catenin: n=19, p\<0.001, F~3,18~=10.26; N-cadherin-RFP: n=19, p=0.476, F~3,18~=21.69), (**f**) increased δ-catenin/N-cadherin colocalization (Glycine: n=19, p\<0.001, F~3,18~=4.171; Glycine+D-AP5: n=9, p=0.755, F~3,8~=0.399) and (**g**) increased the colocalization of δ-catenin/N-cadherin with PSD-95, compared to cells treated with glycine+D-AP5 (n=19, 9, p=0.001, student's t-test). (**h, i**) δ-catenin/N-cadherin interactions were enhanced 40 min following glycine treatment, and abolished when 2-bromopalmitate (2BP, 50μM) was applied from 0 to 40 min, but not from 40--180 min, after stimulation (n=7, p=0.007, F~5,24~=4.15). n values indicate (**b**, **d**, **i**) the number of separate blots from separate cell cultures, or (**e--g**) the number of cells from 3 separate cultures. Graphs show mean ± SEM. (**b**, **d**, **i**) **\***p\<0.05, **\*\***p\<0.01; one-way ANOVA; Tukey's test *post hoc*. (**e, f**) **\***p\<0.05, **\*\***p\<0.01; repeated measures one-way ANOVA, Tukey's test *post hoc*; (**g**) **\*\***p\<0.01; student's t-test. Full length blots from (**a**, **c**, **h**) are presented in [Supplementary Figure 6](#SD2){ref-type="supplementary-material"}.](nihms3901f1){#F1}

![Palmitoylation of δ-catenin occurs at cysteines 960 and 961, and requires lysine 581 for binding to N-cadherin\
(**a**) Schematic depiction of δ-catenin constructs, N-terminally tagged with GFP (not shown), and illustrating the approximate localization of all 18 cysteine residues (white circles), as well as cysteine to serine mutations (black circles). Lysine 581 (K) is located within the third Armadillo repeat domain (grey boxes), and the PDZ-binding motif (PDZb) at the C-terminus. (**b**, **c**) GFP-δ-catenin constructs were transfected into HEK293T cells for 36--48 hrs and lysates immunoprecipitated with anti-GFP. Following ABE labeling, blots were probed with anti-streptavidin to determine palmitoylation of the specified δ-catenin construct. (n=3--5 blots from separate cultures, p\<0.001, F~11,41~=10.18). (**d**, **e**) HEK293T cells were transfected with the indicated GFP-tagged δ-catenin constructs plus N-cadherin-RFP, and lysates immunoprecipitated with anti-N-cadherin. (n=3, p\<0.001, F~2,6~=32.87). (**f**, **g**) 293T cells were transfected with a control shRNA (shRNA-c) or δ-catenin shRNA, plus the indicated GFP-δ-catenin constructs (\*denotes shRNA-resistance) (n=4, p=0.005, F~4,13~=6.41). The n value indicates the number of separate blots from separate cell cultures. **\***p\<0.05, **\*\***p\<0.01, **\*\*\***p\<0.001; one-way ANOVA, Tukey's test *post hoc*. Full length blots from (**b**, **d**, **f**) are presented in [Supplementary Figure 6](#SD2){ref-type="supplementary-material"}.](nihms3901f2){#F2}

![δ-catenin palmitoylation is required for activity-induced stabilization of N-cadherin within dendritic spine heads\
(**a**) Cells were photobleached at 0 s ("; white asterisk) within a 1μm diameter ROI. Fluorescence within a photobleached ROI (red circle) was normalized to non-photobleached ROI in adjacent spines (blue circle). Scale bar=1μm. (**b**) Fluorescence recovery within photobleached and non-photobleached ROIs (from top two panels in **a**) and the normalization for bleaching. (**c--h**) Normalized fluorescence recovery of N-cadherin-RFP. Dashed lines represent the plateau for fluorescence recovery in control cells (**c**). Points with error bars represent mean ± SEM, solid lines represent single exponential fit. Statistical tests compare plateau values from exponential fits ± SEM. Neurons were obtained from ≥ 3 separate cultures. (**c**) n=10 cells, −glycine; 15 cells, +glycine; n=5 cells, glycine+D-AP5; p=0.003, F~2,27~=7.15, one-way ANOVA. (**d**) n=11 cells, --glycine; 5 cells, +glycine; p=0.991; student's t-test. (**e**) n=18 cells, −glycine; 8 cells, +glycine; p=0.099, student's t-test). (**f**) n=18 cells, −glycine; 9 cells, +glycine; p=0.003, student's t-test. (**g**) n=12 cells, −glycine; 9 cells, +glycine; p=0.223, student's t-test. (**h**) n=25 cells, −glycine; 8 cells, +glycine; p=0.92, t-test. (**i**) The mobile fraction of N-cadherin-RFP (fluorescence within the ROI at the 5 min time point, normalized for photobleaching; mean ± SEM; p\<0.001, F~12,140~=8.03; one-way ANOVA). **\***p\<0.05, one-way ANOVA, Tukey's test *post hoc*, relative to control cells expressing shRNA-c, in the absence of glycine; **\#\#**p\<0.01, Tukey's test *post hoc*, relative to same transfection condition in the absence of glycine.](nihms3901f3){#F3}

![δ-catenin palmitoylation is required for activity-induced spine remodeling\
Primary dendrites were imaged before and again 40--60 min after glycine treatment. (**a**) n=12 cells, 803 spines; (**b**) n=7 cells, 396 spines; (**c**) n=10 cells, 529 spines, (**d**) n=10 cells, 606 spines; (**e**) n=8 cells, 352 spines; (**f**) n=10 cells, 535 spines. Scale bar=2μm. (**g**) Protrusion head width before and after glycine treatment (p\<0.001, F~5,6430~=127.57 \[between groups effect\]; p\<0.001, F~1,6430~=43.13 \[glycine treatment effect\]). (**h**) Length of protrusions before and after glycine treatment (p\<0.001, F~5,6430~=213.45 \[between groups effect\]; p\<0.001, F~1,6430~=11.57 \[glycine treatment effect\]. (**i**) The density of total protrusions (mean represented by crosshatched bars plus solid bars; top error bars represent total protrusion SEM; p=0.005, F~5,102~=2.23 \[between groups effect\]; p=0.04, F~1,102~=4.32 \[glycine treatment effect\]; two-way ANOVA), filopodia (solid bars), and spines (crosshatched bars ± SEM; p\<0.001, F~5,102~=65.05 \[between groups effect\]; p\<0.001, F~5,102~=18.71 \[glycine treatment effect\]; two-way ANOVA) before and after glycine treatment. Cells were obtained from ≥3 separate cultures. Graphs represent mean ± SEM. (**g**, **h**) **\***p\<0.05, **\*\***p\<0.01, **\*\*\***p\<0.001; two-way ANOVA, Bonferonni's test *post hoc*, relative to shRNA-c before glycine treatment. \#\#\#p\<0.001; Bonferonni's test *post hoc*, relative to same condition before glycine. (**i**) **\***(black) above bars compare total protrusions relative to shRNA-c cells before glycine, **\***(white) within crosshatched bars compare spines relative to shRNA-c before glycine; \# above bars compare total protrusions within groups before and after glycine, \# within crosshatched bars compare spines within groups before and after glycine. \#/**\***p\<0.05, \#\#/**\*\***p\<0.01, **\*\*\***p\<0.001 two-way ANOVA, Bonferonni's test post-hoc.](nihms3901f4){#F4}

![δ-catenin palmitoylation is required for activity-induced AMPA receptor insertion and changes in mEPSCs\
(**a**, **b**) Cells were imaged before and 40--60 min after indicated treatments. (**a**) Integrated density (IntDen) of pre-existing SEP-GluA1 puncta normalized to the same puncta before treatment (dashed line). Cell number and p values from paired t-tests: shRNA-c (n=22, p\<0.001), shRNA-c+D-AP5 (n=9, p=0.91), shRNA-c+WT (n=9, p=0.865), shRNA (n=10, p=0.942), shRNA+WT\* (n=14, p\<0.001), shRNA+K581M\* (n=13, p=0.133), and shRNA+C960-1S\* (n=9, p=0.176). (**b**) Percent δ-catenin/GluA1 colocalization (p\<0.001, F~3,49~=8.25; one-way ANOVA). Crosshatches denote significance among "before" groups relative to shRNA+WT\*, asterisks denote significance within groups before and after glycine: shRNA-c+WT (n=12, p\<0.001), shRNA+WT\* (n=15, p\<0.001), shRNA+K581M\* (n=12, p=0.552), and shRNA+C960-1S\* (n=14, p=0.494). (**c--g**) Whole-cell recordings (held at −65mV) 40 min after indicated treatments. (**c**) Representative mEPSC traces. (**d**) Basal mEPSC amplitude increased in shRNA-c+WT cells (p=0.031, F~4,45~=2.928, one-way ANOVA). (**e**) Basal mEPSC frequency was increased in shRNA-c+WT cells (p\<0.001, F~4,45~=6.056; one-way ANOVA). (**f**, **g**) Percent mEPSC amplitude and frequency 40 min after glycine, normalized to the mean in untreated cells (dashed line). n values in −glycine or +glycine groups, and p values from student's t-tests for amplitude and frequency, respectively: shRNA-c (n=17, 23; p\<0.001; p=0.048), shRNA-c+WT\* (n=9, 8; p=0.857; p=0.741), shRNA (n=9, 7, p=0.076; p=0.440), shRNA+WT\* (n=7, 10; p=0.016; p=0.048), shRNA+960-1S\* (n=8, 7; p=0.801; p=0.209). Graphs represent mean ± SEM. (**a**, **b**) **\***p\<0.05, **\*\***p\<0.01, **\*\*\***p\<0.001; paired t-test. \#p\<0.05, one-way ANOVA with Tukey's test *post hoc*. (**d--g**) \#p\<0.05, \#\#\#p\<0.001; one-way ANOVA, Tukey's test *post hoc*. **\***p\<0.05, **\*\*\***p\<0.001; student's t-test.](nihms3901f5){#F5}

![Context-dependent fear conditioning increases δ-catenin palmitoylation and N-cadherin associations in the hippocampus\
(**a**) 6--9 week old male mice exhibited increased freezing 1 hour (h) and 24 h following contextual fear conditioning (conditioned group, C) compared to mice which did not receive a foot shock (Naïve group, N) (n=10 mice per group, per timepoint; p\<0.001, F~1,36~=35.89 \[treatment effect\]; p=0.539, F~1,36~=0.38 \[timepoint effect\]). Hippocampal (**b**, **c**) or cortical (**d**, **e**) lysates from naïve and conditioned mice were immunoprecipitated with anti-δ-catenin or IgG, and and palmitoylation levels determined using ABE chemistry. (**b**, **c**) Palmitoylation of δ-catenin is transiently increased in the hippocampus of conditioned mice (n=5 blots from 5 separate animals; p=0.034, F~1,16~=5.37 \[treatment effect\]; p=0.037, F~1,16~=5.17\[timepoint effect\]). (**d**, **e**) Palmitoylation levels of δ-catenin are similar in the cortex of naïve and conditioned mice (n=3 blots from 3 separate animals; p=0.463, F~1,8~=0.59 \[treatment effect\]; p=0.978, F~1,8~=0.1 \[timepoint effect\]). (**f**, **g**) P2 synaptosomes from hippocampal lysates were isolated and immunoprecipitated with anti-N-cadherin. There is an increase in δ-catenin bound to N-cadherin in the hippocampus of conditioned mice 1 h and 24 h after training. The IgG lane in the blot on the right was cropped from another position within the same blot. (n=3 and 5 blots from 3 and 5 separate animals 1 h, and 24 h post-training, respectively; p\<0.001, F~1,12~=24.95 \[treatment effect\]; p=0.492, F~1,12~=0.50 \[timepoint effect\]). All graphs represent mean ± SEM. **\***p\<0.05, **\*\***p\<0.01, **\*\*\***p\<0.001, two-way ANOVA, Bonferroni's test *post hoc*. Full length blots of those shown in (**b**, **d**, **f**) are presented in [Supplementary Figure 6](#SD2){ref-type="supplementary-material"}.](nihms3901f6){#F6}

![DHHC5 and 20 palmitoylate δ-catenin but activity-induced recruitment of δ-catenin to N-cadherin is mediated by DHHC5\
(**a**, **b**) Palmitoylation of GFP-δ-catenin co-transfected with the indicated DHHC constructs in HEK293T cells (n=3--6 blots from separate cultures, p\<0.001, F~19,36~=7.154). (**c**) Colocalization of GFP-δ-catenin and N-cadherin-RFP in cells expressing the indicated DHHCs (p\<0.001, F~11,834~=15.4). Cell number from 3--10 cultures: vector --glycine (n=262), vector +glycine (n=200), DHHC2 (n=35), DHHC3 (n=47), DHHC5 (n=39), DHHC7 (n=31), DHHC8 (n=56), DHHC9 (n=49), DHHC13 (n=22), DHHC15 (n=18), DHHC17 (n=24), DHHC20 (n=63). (**d**) δ-catenin palmitoylation is essential for DHHC5 (p=0.004, F~3,75~=4.67) and DHHC20-induced (p=0.005, F~3,86~=6.559) clustering of δ-catenin/N-cadherin. Number of cells from 3 cultures: WT+vector (DHHC5 experiment; n=22), WT+DHHC5 (n=17), C960-1S+vector (n=20), C960-1S+DHHC5 (n=20), WT+vector (DHHC20 experiment; n=23), WT+DHHC20 (n=20), C960-1S+vector (n=12), C960-1S+DHHC20 (n=20). (**e**, **f**) RNAi-mediated knockdown of DHHC5 and DHHC20 in 6DIV hippocampal neurons. (**e**) n=5 blots from 5 cultures, p=0.022, F~2,12~=5.29 (\*denotes shRNA-resistance). (**f**) n=3 blots from 3 cultures, p=0.019, F~2,6~=8.29 (hDHHC20 denotes human DHHC20). (**g**) Knockdown of DHHC5, but not DHHC20 abolished activity-induced increases in GFP-δ-catenin/N-cadherin-RFP colocalization. Cell number and p values from paired t-tests before/after activity: DHHC5 (p\<0.001, F~5,78~=5.29, one-way ANOVA); shRNA-D5c (n=15, p\<0.001), shRNA-D5 (n=13, p=0.288), shRNA-D5+DHHC5\* (n=14, p\<0.001). DHHC20: (p\<0.001, F~5,66~=13.65, one-way ANOVA); siRNA-D20c (n=11, p=0.004), siRNA-D20 (n=13, p\<0.001), siRNA-D20+hDHHC20 (n=12, p=0.012). Graphs represent mean ± SEM. (**b--f**) **\***p\<0.05, **\*\***p\<0.01, **\*\*\***p\<0.001, one-way ANOVA with Tukey's test *post hoc*. (**g**) **\***p\<0.05, **\*\***p\<0.01, **\*\*\***p\<0.001, paired t-test; \#\#p\<0.01, one-way ANOVA with Tukey's test *post hoc*. Full length blots from (**a**, **e**, **f**) shown in [Supplementary Figure 6](#SD2){ref-type="supplementary-material"}.](nihms3901f7){#F7}

![DHHC5 is required for activity-induced palmitoylation of δ-catenin and surface AMPAR insertion\
(**a** *top*) shRNA-D5 reduced DHHC5 levels at 12 DIV (shRNA-D5c\[1.0 ± 0.13\]: shRNA-D5 \[0.62 ± 0.042\], shRNA-D5+DHHC5\* \[0.89 ± 0.044\]; one-way ANOVA, p=0.042, F~2,6~=5.57). (**a** *bottom*, **b**) Knockdown of DHHC5 abolishes activity-induced palmitoylation of δ-catenin (n=3 blots from 3 separate cultures, p=0.002, F~6,14~=10.03). (**c**) Confocal images of hippocampal neurons transfected with the indicated constructs before and 40--60 min after glycine treatment. SEP-fluorescent puncta are pseudocolored in heat maps. DHHC5-HA overexpression was confirmed by *post hoc* immunostaining for HA. Scale bar=5μm. (**d**) IntDen of SEP-GluA1 puncta, normalized to the same puncta before glycine treatment. n values indicate cell number from ≥3 separate cultures, and p values from paired t-tests: vector+shRNA-c (14, p\<0.001), DHHC5+δ-catenin shRNA-c (15, p=0.006), DHHC5+δ-catenin shRNA (13, p=0.857), DHHC5+δ-catenin shRNA+δ-catenin WT\* (16, p=0.002), and DHHC5+δ-catenin shRNA+δ-catenin C960-1S\* (13, p=0.161). DHHC5 overexpression increased basal SEP-GluA1 IntDen (one-way ANOVA; p=0.001, F~9,132~=4.141). Crosshatches denote significance among "before" groups relative to vector+shRNA-c, asterisks denote significance within groups before and after glycine. (**e**) Colocalization of indicated δ-catenin constructs with GluA1 (one-way ANOVA; p\<0.001, F~3,54~=19.29). Crosshatches denote significance among "before" groups relative to DHHC5+shRNA+C960-1S\*. WT\*/GluA1 colocalization increased following activity (paired t-test; p=0.005), whereas C960-1S\*/GluA1 colocalization did not (paired t-test; p=0.741). Graphs represent mean ± SEM. (**b**) **\***p\<0.05, one-way ANOVA with Tukey's test *post hoc*. (**d, e**) **\***p\<0.05, **\*\*\***p\<0.001, paired t-test; \#p\<0.05, \#\#p\<0.01, one-way ANOVA with Tukey's test *post hoc.* Full-length blots from (**a**) are presented in [Supplementary Figure 6](#SD2){ref-type="supplementary-material"}.](nihms3901f8){#F8}
